Increased expression of certain extracellular matrix (ECM) molecules after CNS injury is believed to restrict axonal regeneration. The chondroitin sulfate proteoglycans (CSPGs) are one such class of ECM molecules that inhibit neurite outgrowth in vitro and are upregulated after CNS injury. We examined growth responses of several classes of axons to this inhibitory environment in the presence of a cellular fibroblast bridge in a spinal cord lesion site and after a growth factor stimulus at the lesion site (fibroblasts genetically modified to secrete NGF). Immunohistochemical analysis showed dense labeling of the CSPGs NG2, brevican, neurocan, versican, and phosphacan at the host-lesion interface after spinal cord injury (SCI). Furthermore, robust expression of NG2, and to a lesser extent versican, was also observed throughout grafts of control and NGF-secreting fibroblasts. Despite this inhibitory milieu, several axonal classes penetrated control fibroblast grafts, including dorsal column sensory, rubrospinal, and nociceptive axons. Axon growth was amplified more in the presence of NGF-secreting grafts. Confocal microscopy demonstrated that axon growth was, paradoxically, preferentially associated with NG2-rich substrates in both graft types. NG2 expression also increased after sciatic nerve injury, wherein axons successfully regenerate. Cellular sources of NG2 in SCI and peripheral nerve lesion sites included Schwann cells and endothelial cells. Notably, these same cellular sources in lesion sites produced the cell adhesion molecules L1 and laminin, and these molecules all colocalized. Thus, axons grow along substrates coexpressing both inhibitory and permissive molecules, suggesting that regeneration is successful when local permissive signals balance and exceed inhibitory signals.
Introduction
Failure of axonal regeneration after CNS injury is thought to result in part from a nonpermissive extracellular milieu surrounding the lesion site. Several inhibitory extracellular matrix (ECM) molecules, including the chondroitin sulfate proteoglycans (CSPGs) Lemons et al., 1999; Moon et al., 2002) and keratan sulfate proteoglycans , are strongly upregulated after CNS injury. Other inhibitory components of the lesioned CNS include myelinassociated glycoprotein (MAG) (McKerracher et al., 1994; Filbin, 1995) , Nogo (for review, see Fouad et al., 2001; Woolf, 2003) , and semaphorins (Pasterkamp et al., 2001; De Winter et al., 2002) .
The role of CSPGs in reducing axon growth after injury has been studied extensively. In vitro, CSPGs restrict neurite outgrowth, and their inhibitory properties have been attributed either to the core protein (Dou and Levine, 1994; Milev et al., 1994; Schmalfeldt et al., 2000; Ughrin et al., 2003) or to associated chondroitin sulfate side chains (Braunewell et al., 1995; Yamada et al., 1997; Fidler et al., 1999; Ughrin et al., 2003) . After CNS injuries, several CSPGs are differentially increased over postinjury periods, including NG2, neurocan, brevican, versican, and phosphacan (Levine, 1994; Haas et al., 1999; McKeon et al., 1999; Asher et al., 2000 Asher et al., , 2002 Thon et al., 2000; Plant et al., 2001 Plant et al., , 2002 Jones et al., , 2003 Moon et al., 2002; Tang et al., 2003) . In addition, upregulation of a general CSPG marker correlates with aborted axon growth (Davies et al., 1997) , and degradation of associated chondroitins after brain injury (Moon et al., 2001 ) and spinal cord injury (SCI) (Bradbury et al., 2002) partially enhances axon growth and functional recovery. Combined, these data suggest that CSPGs inhibit axonal regeneration after CNS lesions and that their targeted reduction can improve regeneration.
In contrast, injured CNS axons can grow to some extent without targeted reduction of CSPGs. For example, axons cross the host-lesion interface and extend into cellular grafts of various cell types placed into SCI lesion sites, including fibroblasts (Tuszynski et al., 1994; Blesch et al., 1998; Franzen et al., 1999) , Schwann cells (Paino and Bunge, 1991; Xu et al., 1995; Weidner et al., 1999) , or stem cells (Liu et al., 1998; Lu et al., 2002) , despite distinct upregulation of several CSPGs at the lesion site (Plant et al., 2001; Jones et al., , 2003 Tang et al., 2003) .
Thus, although CSPGs inhibit axon growth, this inhibition is not absolute and other factors appear to compensate for the presence of CSPGs. The present study sought to elucidate mechanisms that may underlie and, conversely, balance CSPGmediated effects on axonal regeneration after CNS injury. Confocal analysis reveals that after SCI, multiple axonal populations surprisingly associate with CSPG-rich substrates in a cellular bridge at the lesion site. Notably, cellular sources of CSPGs in the lesion site also produce L1 and laminin. Thus, simultaneous expression of permissive substrate molecules could potentially balance CSPG-mediated inhibition at CNS lesion sites, enabling axon growth to proceed.
Materials and Methods
Animal subjects and surgery. Subjects of this study were adult female Fischer 344 rats weighing 160 -200 gm. National Institutes of Health guidelines for laboratory animal care and safety were followed strictly. Animals had ad libitum access to food and water throughout the study. All surgery was performed under anesthesia with a combination (2 ml/ kg) of ketamine (25 mg/ml), rompun (1.3 gm/ml), and acepromazine (0.25 mg/ml). A total of 67 rats were used in this study as described below and included the following: subjects that received (1) cervical dorsal column spinal cord lesions (n ϭ 44), (2) cervical dorsolateral funiculus spinal cord lesions (n ϭ 8), and (3) sciatic nerve crush lesions (n ϭ 4), and (4) intact animals (n ϭ 11).
Retroviral construction and transduction of fibroblast cellular bridges. To provide cellular bridges for axon growth in spinal cord lesion sites, primary fibroblasts were prepared and genetically modified to produce either the reporter gene green fluorescent protein (GFP) or human NGF. Primary cultures of Fischer 344 rat fibroblasts were generated from skin biopsies and cultivated under cell culture conditions as described previously (Tuszynski et al., 1994; Grill et al., 1997) . Retroviral vectors for transduction of primary rat fibroblasts were prepared as described previously (Tuszynski et al., 1996) . Briefly, the retroviral vector expressing GFP was obtained by pSP65-hGFP-T by XbaIHindIII digestion. The ends were filled with Klenow and ligated into the HpaI-digested vector pLXSN. The GFP transgene was constitutively expressed by the wild-type viral 5Ј long terminal repeat (LTR) promoter, and a dominant selectable marker imparting neomycin resistance in cells was expressed by the SV40 promoter (Miller et al., 1993) . The cDNA for the prepro-form of ␤-NGF was also placed into a Maloney murine leukemia virus expression cassette, and NGF was constitutively expressed by the viral LTR. Plasmids were introduced into the ecotropic producer cell line Psi-2 by calcium phosphate transfection. Supernatants from Psi-2 cells were used to infect the amphotropic PA317 cell line. G418-resistant clones that expressed full-length recombinant protein were identified, and viral titers of 10 6 -10 7 colony-forming units were obtained. In vitro production of NGF from infected fibroblasts was determined using a two-site enzyme-linked immunoassay sensitive to 5 pg/ml (NGF antibody provided by Dr. J. Conner, University of California-San Diego, La Jolla, CA).
Cervical dorsal column spinal cord lesions.
To study the association of regenerating axons with the inhibitory ECM, a dorsal column spinal cord lesion was performed at the C3 level, as described previously (Weidner et al., 2001) . Briefly, rats were deeply anesthetized and C3 laminectomies were performed. A tungsten wire knife (Kopf Instruments, Tujunga, CA) was stereotaxically positioned at the spinal dorsal midline and then moved 0.6 mm left laterally and lowered 1.1 mm from the dorsal spinal cord surface. The knife blade was extruded 2.25 mm toward the midline, forming a 1.5-mm-wide wire arc. The arc was raised 2 mm and simultaneously met by a blunt glass rod that added compression from above to ensure full transection of axons in the dorsal columns bilaterally. After the lesion was completed, 2.0 l (5.0 ϫ 10 4 cells/l) of control GFP-expressing primary rat syngenic fibroblasts was injected into 16 animals to provide a cellular bridge that has been reported previously Blesch and Tuszynski, 2001; Lu et al., 2001) to support axon growth into the lesion site. In addition, 16 animals received implants of primary rat syngenic fibroblasts that were genetically modified to produce human NGF, as described previously (see above). Before implantation, these cells secreted 27.1 ng of human NGF per 10 6 cells per day. Animals that received lesion only were sutured closed without receiving cellular implants. Animals were killed at the following postinjury time points: 3 d (GFP, n ϭ 4; NGF, n ϭ 4), 7 d (GFP, n ϭ 4; NGF, n ϭ 4), 14 d (GFP, n ϭ 8; NGF, n ϭ 8), and 28 d (GFP, n ϭ 4; NGF, n ϭ 4); lesion only, 14 d (n ϭ 4); nonlesioned, intact animals were also examined (n ϭ 7).
To evaluate growth responses of ascending dorsal column sensory axons after dorsal column lesions, the transganglionic label cholera toxin B subunit (CTB) (List Biologic, Campbell, CA) was injected into both sciatic nerves 3 d before death, as described previously (Bradbury et al., 1999) . Briefly, 2 l of a 1% solution of CTB dissolved in sterile water was injected into each sciatic nerve using a Hamilton syringe.
Cervical dorsolateral funiculus spinal cord lesions. To examine responses of lesioned rubrospinal tract axons to the inhibitory ECM, the dorsolateral funiculus was transected in eight rats. Briefly, a C3 laminectomy was performed and a Kopf tungsten wire knife was positioned stereotaxically at the spinal dorsal midline. The knife was then moved 0.6 mm to the left lateral midline and lowered to a depth of 1.1 mm from the dorsal spinal cord surface. The tip of the knife was extruded 2.25 mm in a lateral direction, forming a 1.5-mm-wide wire arc that was raised 2 mm and simultaneously met by a blunt glass rod to compress from above, ensuring full transection of rubrospinal axons in the dorsolateral funiculus. After the lesion was com- pleted, 2.0 l (5.0 ϫ 10 4 cells/l) of control GFP-expressing rat fibroblasts was injected into the lesion epicenter using a Picospritzer II (General Valve, Fairfield, NJ). Eight animals received implants of GFP-expressing fibroblasts and were perfused either 14 d (n ϭ 4) or 28 d (n ϭ 4) later. Trophic factors were not administered in this paradigm.
To evaluate growth of injured rubrospinal tract axons after dorsolat- , they are not detected within either cell graft types in the lesion cavity. A previous study reported that brevican and neurocan expression peak in host tissue 14 d after SCI . Scale bars: A-H, 220 m. E, F, Notably, versican immunolabeling is present in both host and graft tissue 14 d after SCI in GFP-expressing ( E) and NGF-secreting cell grafts ( F). A previous study reported that versican expression peaks in host tissue 14 d after SCI . No clear differences in levels of versican labeling intensity are present comparing GFP-expressing and NGF-secreting cell grafts. G, H, Phosphacan labeling is readily detectable in host tissue but not in either GFP-expressing ( G) or NGF-secreting cell grafts ( H ) 28 d after SCI. Phosphacan expression is significantly elevated 28 d after SCI .
4
weeks after C3 lesions, animals with lesions only, GFP-expressing cells in the lesion site (GFP), or NGF-secreting cells in the lesion site (NGF). L, Quantification of relative levels of NG2 expression on immunoblots using NIH Image software (n ϭ 4 animals per group). Mean Ϯ SEM. Asterisks denote significant differences from intact subjects on post hoc Fischer's ( p Ͻ 0.001).
eral funiculus lesions, animals received injections of biotinylateddextran amine (BDA) 10,000 molecular weight (Molecular Probes, Eugene, OR) into the red nucleus 14 d before perfusion. Three hundred nanoliters of a 10% BDA solution were injected through pulled-glass micropipettes (40 m internal diameter) into each of two sites distributed evenly over the rostrocaudal extent of the right red nucleus, using a Picospritzer II at the following stereotaxic coordinates: anteroposterior, Ϫ0.57, Ϫ0.62; mediolateral, ϩ0.08, ϩ0.07; dorsoventral, Ϫ0.72, Ϫ0.67 (Paxinos and Watson, 1998) . The labeled rubrospinal tract axons were visualized using streptavidin Alexa 488 (at 1:300; Molecular Probes), as described below. Sciatic nerve crush. To investigate alterations of the extracellular matrix in a milieu that is known to support axonal regeneration successfully, four rats underwent bilateral sciatic nerve lesions. The sciatic nerve at the midfemoral level was dissected free, and a crush lesion was delivered by applying firm pressure with fine jewelry forceps for 20 sec. A suture was placed in adjacent muscle tissue to mark the lesion site. Animals were perfused 3 d later. Nonlesioned, intact animals were used as controls (n ϭ 4).
Tissue processing and immunohistochemistry. After induction of deep anesthesia, animals were transcardially perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer. Spinal cords or sciatic nerves were removed, postfixed overnight in 4% PFA, and placed in phosphate buffer containing 30% sucrose at 4°C. Spinal cords were sagittally sectioned on a cryostat set at 35 m. One in seven sections was mounted on gelatin-coated glass slides for Nissl staining. Remaining sections were serially collected into 24-well plates for immunohistochemical labeling.
To determine the distribution of individual CSPG family members at the host-lesion interface, within fibroblast grafts placed in the lesion site, and in relation to injured and growing axons, immunolabeling was performed for NG2, brevican, neurocan, versican, and phosphacan. We reported previously that NG2 is a major CSPG family member deposited at sites of SCI and that its deposition peaks 7 d after injury ; thus, in the present experiment, we examined its distribution 3, 7, 14, and 28 d after injury using the rabbit polyclonal anti-rat NG2 antibody (at 1:1000) (generous gift from B. Stallcup, Burnham Institute, La Jolla, CA). We also reported previously that expression of the CSPG components brevican, neurocan, and versican peak 14 d after SCI and that phosphacan is significantly elevated 28 d after injury . In the present experiment, we examined the distribution of these components at their respective time points of peak expression using the following monoclonal antibodies (Abs): neurocan (1F6 Ab at 1:6000 dilution; University of Iowa, Developmental Studies Hybridoma Bank, Iowa City, IA), brevican (RB18 Ab at 1:400 dilution; gift from Y. Yamaguchi, Burnham Institute, La Jolla, CA), versican (12C5 Ab at 1:8000 dilution; University of Iowa, Developmental Studies Hybridoma Bank), and phosphacan (3F8 Ab at 1:6000 dilution; University of Iowa, Developmental Studies Hybridoma Bank).
The distribution of other molecules that could influence axon growth in the injury site was also examined in grafts 14 and 28 d after SCI, including the cell adhesion molecules L1 and laminin, using monoclonal antibodies anti-L1 (2C2 Ab at 1:500 dilution; gift from M. Grumet, Rutgers University, Newark, NJ) and anti-laminin (2E8 Ab at 1:75 dilution; University of Iowa, Developmental Studies Hybridoma Bank). Finally, Schwann cell penetration of grafts was characterized using the mouse monoclonal nonmyelinating Schwann cell antibody 27C7 (at 1:200 dilution; gift from K. Wewetzer, University of Freiburg, Freiburg, Germany) 3, 7, 14, and 28 d after SCI. All sections were processed free-floating, and endogenous peroxidase activity was blocked with 0.6% hydrogen peroxide as described previously (Grill et al., 1997) . Nonspecific antibody reactions were blocked with 5% horse serum (for monoclonal antibodies) or 5% goat serum (for polyclonal antibodies) for 1 hr at room temperature. Sections were incubated overnight at 4°C in primary antibody. After washing in Tris-buffered saline (TBS), sections were incubated with biotin-conjugated IgG anti-mouse secondary antibody (1:200 dilution; Vector Laboratories, Burlingame, CA) for 1 hr at room temperature followed by 1 hr incubation in avidin-biotinylated peroxidase complex (1:100 dilution; Elite Kit, Vector Laboratories) at room temperature. A primary antibody omission control was included to exclude nonspecific binding of the secondary antibody. Diaminobenzidine (0.05%) with nickel chloride (0.04%) was used as a chromagen, with reactions sustained for 3 min at room temperature. The sections were mounted on gelatin-coated slides, dehydrated, and coverslipped with DPX mounting medium (BDH Chemicals, Poole, UK).
Immunofluorescent double labeling was performed to identify the association of different axonal populations, cell types, and cell adhesion molecules with the expression of CSPG molecules. Studies focused spe- (Tuszynski et al., 1996) , and NG2 immunolabeling is also present throughout these cell grafts ( H ). Scale bars: G-I, 24 m. I-L, Neurofilament-labeled axon growth in NGF-secreting grafts is also specifically associated with NG2-labeled substrates. Scale bars: J-L, 14 m. Arrows indicate examples of NF-labeled axons colocalizing with NG2. Micrographs are from the center of the lesion-graft site and are located ϳ250 m from the host-lesion interface.
cifically on co-association of axonal markers with NG2 because only the latter molecule and versican were expressed within grafts, and NG2 expression was predominant (see Results). After nonspecific antibody reactions were blocked with 5% goat serum for 1 hr at room temperature, free-floating sections were incubated overnight at 4°C with either the mouse monoclonal anti-NG2 antibody described above (at 1:800 dilution) or a rabbit polyclonal anti-rat NG2 antibody (at 1:1000 dilution; B. Stallcup) and simultaneously with one of the following antibodies: neurofilament (NF) antibody as a general axonal marker (RT97 monoclonal antibody at 1:250 dilution; Boehringer Mannheim, Mannheim, Germany), rabbit calcitonin generelated peptide antibody (CGRP) (polyclonal at 1:8000 dilution; Chemicon, Temecula, CA), nonmyelinating Schwann cell antibody (27C7 monoclonal at 1:200 dilution; K. Wewetzer), Schwann cell marker (S-100 monoclonal at 1:2000 dilution; Dako, Carpenteria, CA), endothelial cell antibody (RECA1 monoclonal at 1:100 dilution; Serotec, Raleigh, NC), L1 antibody (2C2 monoclonal at 1:500 dilution; M. Grumet), and laminin antibody (2E8 monoclonal at 1:75 dilution; Developmental Studies Hybridoma Bank, Iowa City, IA). Sections were washed with TBS, incubated with Alexa 488 fluorophore goat anti-rabbit antibody (at 1:150 dilution; Molecular Probes) for 2.5 hr at room temperature and with Alexa 594 fluorophore goat anti-mouse antibody (at 1:150 dilution; Molecular Probes). Sections were washed with TBS, mounted on uncoated slides, and coverslipped with Fluoromount G (Southern Biotechnology , Birmingham, AL). Primary antibody omission controls were performed to exclude nonspecific binding. Fluorescent visualization was performed using an Olympus confocal microscope with an omnichrome series 43 Argon-krypton laser and appropriate filter sets (Olympus America, Melville, NY). Fluorescent bleedthrough controls were tested using tissue stained solely with Alexa 488 to verify lack of detection in the 594 channel and conversely to verify that tissue stained solely with the 594 fluorophore was not detected in the 488 channel.
To examine the association of CTB-labeled dorsal column axons with NG2, sections were double labeled with CTB antibody (goat polyclonal at 1:5000 dilution; List Biologic) and NG2 antibody as described above (at 1:800 dilution) using a Cy5 fluorophore secondary donkey anti-goat antibody (Jackson ImmunoResearch, West Grove, PA).
Immunoblotting. Amounts of NG2 in the intact spinal cord, injured spinal cord, and injured spinal cord containing grafts of either GFPexpressing or NGF-secreting cells 2 weeks after injury (n ϭ 4 animals per group) were compared by immunoblotting. In lesioned subjects, the cord sample consisted of a 5-mm-long block of tissue centered at the injury site, encompassing both the full lesion site and host tissue adjoining the lesion. Samples from intact animals were centered at the same spinal level as lesioned subjects (C3) and were also 5 mm in length. Tissue was standardized to 250 g/l (wet weight) with ice-cold extraction buffer (150 mM NaCl, 50 mM Tris, pH 8.0, 1.0% NP-40, 0.5% Na deoxycholate, 0.1% SDS, 1 mM PMSF) and homogenized on ice. Matched amounts of samples were run on 4 -12% SDS-polyacrylamide gels (Invitrogen, Carlsbad, CA). Gels were blotted onto 0.45 m pore nitrocellulose membranes (Fisher Scientific, Pittsburgh, PA). Nitrocellulose blots were blocked with 5% milk in PBS for 1 hr, incubated overnight at room temperature with polyclonal rabbit anti-rat NG2 antibody (at 1:500) (Goretzki et al., 1999) , washed with PBS, incubated for 1 hr with a horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (1:100,000; Jackson ImmunoResearch), washed with PBS, and visualized using a SuperSignal chemiluminescence system (Pierce, Rockford, IL). Individual gels from each subject were scanned using a Umax transmitted light scanner, and pixel density per gel was measured using NIH Image software, as described previously . Mean group values were compared using ANOVA with a significance level of 95%, and individual group differences were assessed by post hoc Fischer's. Data are presented as mean Ϯ SEM.
Results

Grafts survive in the lesion site and support the growth of several classes of axons; NGF gene delivery increases axon growth
To examine specific interactions of growing axons with inhibitory ECM molecules after SCI, cells that support axonal regeneration were implanted into C3 dorsal column lesion sites, and immunolabeling for CSPG family members was performed. Nissl staining revealed that both control (GFP expressing) and NGFsecreting fibroblast grafts survived injection, filled the wire knife lesion cavity, and supported growth of host axons (Fig. 1) (descriptions below). NF labeling indicated that control cell grafts attracted the growth of moderate numbers of host axons and that NGF-secreting grafts were densely penetrated by axons (Fig. 1 ) (see Fig. 4 ). Thus, this lesion-grafting paradigm provided a model in which the association of growing axons with alterations in the extracellular matrix could be examined.
NG2 is expressed in the injured spinal cord and throughout cellular bridges in lesion sites
Previous quantitative, biochemical analyses reported that NG2 is a major and likely the most abundant CSPG family member expressed after SCI . Supporting and extending previous observations, we found that NG2 is densely expressed in both host tissue and throughout grafts in the lesion site from 3 to 28 d after SCI (Fig. 2) . Compared with modest baseline levels of expression (Fig. 2 I) , NG2 immunolabeling markedly increased in host tissue surrounding the lesion site as soon as 3 d after injury (Tuszynski et al., 1996) . I, J, CGRP-labeled axon growth in NGF-secreting grafts is also associated specifically with NG2-expressing substrates. Scale bars: H-J, 24 m. Arrows indicate examples of CGRP-labeled fibers associated with NG2-expressing substrates. (Fig. 2 A, B) , continued to increase at 7 and 14 d, and sustained high levels of labeling by 28 d (Fig. 2C-H ) . The extent of NG2 expression in the host spinal cord surrounding the lesion site was similar in recipients of GFP-expressing and NGF-secreting fibroblast grafts and did not differ from patterns that we reported previously when performing spinal cord lesions alone without grafts .
Notably, production of NG2 was also extensive and dense throughout cell grafts implanted in the lesion site. Three days after injury, NG2 labeling was present primarily in graft regions that were adjacent to the host-lesion interface. Specifically, NG2 labeling was not detected within the center of either GFP-or NGF-producing grafts (Fig. 2 A,B) . Seven days after SCI, NG2 labeling had become distributed throughout grafts (Fig. 2C,D) ; at this time, the NG2 immunolabeling was denser in NGF-secreting grafts compared with GFP grafts. Fourteen and 28 d after SCI, NG2 labeling remained moderate in intensity throughout GFPexpressing grafts (Fig. 2 E,G) and continued to increase in NGFsecreting grafts (Fig. 2 F,H ) . Immunoblotting of freshly dissected spinal cords confirmed that levels of NG2 protein significantly increased 2 weeks after C3 lesions and that such increases were greatest in subjects that received cell implants in the lesion site (ANOVA; p Ͻ 0.001, with significant post hoc differences between all lesioned groups compared with intact animals) ( Fig.  2 K, L ) .
Brevican, neurocan, versican, and phosphacan are also expressed in injured host tissue surrounding lesion and grafts; only versican is expressed within grafts We reported previously that expression of brevican, neurocan, and versican peaks 14 d after a C3 wire knife spinal cord lesion and that phosphacan expression is significantly elevated 28 d after injury . We therefore chose these time points in the present study to examine interactions of growing axons with expression of these CSPG components. As reported previously, immunoreactivity for brevican (Fig. 3A,B) , neurocan (Fig. 3C,D) , and versican (Fig. 3E,F ) was upregulated in host spinal cord tissue surrounding the lesion site 14 d after injury. Similarly, phosphacan expression was increased after injury (Fig. 3G,H ) . No differences were observed in expression of these CSPGs in the host spinal cord in recipients of control or NGF-secreting cell grafts when compared with nongrafted, lesioned subjects of our previous studies. Within GFP-expressing and NGF-secreting cell grafts, only versican expression could be detected by immunolabeling. Fourteen days after SCI, versican immunolabeling filled both GFP-expressing and NGF-secreting fibroblast grafts (Fig.  3E,F ) . Notably, there were no clear differences in levels of versican labeling intensity when comparing GFP-expressing and NGF-secreting cell grafts, in distinction to the clearly observed differences in NG2 labeling intensity between the two graft types described above.
Axons grow across the CSPG-rich lesion interface and specifically associate with CSPG substrates within grafts
Using axon-specific immunolabels and transganglionic axonal tracing, we observed extensive axonal penetration beyond the host-lesion interface and into grafts occupying the lesion cavity (Figs. 1, 4, 5, 6, 7) . Notably, axons growing within grafts were specifically associated with CSPG-rich substrates. As stated above, NF-labeled axons penetrated GFP-expressing cell grafts in the lesion site 14 and 28 d after injury (Fig. 4 A,D) , and these penetrating axons colocalized extensively with cellular profiles expressing NG2 (Fig. 4C-F ) . There was a considerable increase in the density of NF labeling within NGF grafts (Fig. 4G) , as reported previously (Tuszynski et al., 1996) , and growing axons within these grafts were also closely associated with NG2-labeled substrates (Fig. 4 I,L) . Specific labeling for nociceptive NGFresponsive sensory axons within grafts confirmed a specific association of this axonal class with NG2-expressing substrates (Fig. 5) . CGRP-labeled axons crossed the NG2-rich host-lesion interface and within grafts associated with NG2-labeled processes, as demonstrated by highmagnification confocal Z-stacks (Fig. 5D-G) . Three-dimensional rotation of the Z-stack composite demonstrated further that the positioning of CGRP axons directly followed the surface of the NG2 substrate. CGRP-labeled axons were substantially increased in number within NGFsecreting cell grafts (Fig. 5H ) . Once again, this larger number of axons within NGFsecreting grafts was specifically associated with NG2 substrates (Fig. 5J ) .
Examining a different class of sensory axons, we also observed penetration of dorsal column sensory axons transganglionically labeled with CTB into both GFPexpressing and NGF-secreting cell grafts (Fig. 6 ). These axons also associated specifically with NG2-rich substrates within both graft types 14 and 28 d after injury (Fig. 6 ) (A greater number of dorsal column sensory axons were not observed within NGF-secreting grafts, as expected, because this axonal population exhibits NT-3 rather than NGF sensitivity) (McMahon et al., 1994; Michael et al., 1997) .
Transected rubrospinal axons also regenerate across the CSPG-rich hostlesion interface and associate with CSPG substrates
To examine the interaction of a third population of spinal cord axons with the CSPG-rich milieu after SCI, rubrospinal tract lesions were performed as described above, and GFP-expressing cells were grafted into the lesion site. Fourteen and 28 d after injury, transected rubrospinal tract axons extended across the CSPG-rich host-lesion interface and penetrated GFP-expressing cell grafts (Fig. 7A,B ). Yet again, growing rubrospinal axonsassociated specifically with NG2-rich substrates when examined on thin-slice,high-resolution confocal microscopy ( Fig. 7C-F ) .
Schwann cells are sources of NG2 within cell grafts
Using the 27C7 nonmyelinating Schwann cell marker (Wewetzer et al., 1997) , we assessed the migration of Schwann cells into fibroblast grafts over a 28 d period after dorsal column lesions (Fig. 8) . In the intact spinal cord, no 27C7 immunolabeling was detected (Fig. 8 I) . Three days after SCI, 27C7 immunolabeling was observed on the outer perimeter of both GFP-expressing and NGF-secreting cell grafts (Fig. 8) ; the intensity was greater in NGF grafts. Seven days after SCI, 27C7 immunolabeling penetrated grafts more extensively, reaching the core of grafts and increasing additionally in intensity by 14 d after grafting (Fig.  8C,E) . Immunolabeling intensity was consistently greater in NGF-secreting grafts (Fig. 8 D,F ) . By 28 d, 27C7 labeling remained moderately intense throughout GFP-expressing cell grafts (Fig. 8G ), yet continued to increase in NGF-secreting grafts (Fig. 8 H) .
The preceding results indicate that NG2 expression within the lesioned spinal cord, and within grafts placed in the lesion cavity, correlates temporally with Schwanncell migration into these regions. To identify whether, in fact, Schwann cells are cellular sources of NG2 within lesion sites of the nervous system, immunofluorescent confocal microscopy was performed on sections double labeled for 27C7 and NG2 and separately on sections double labeled for the S-100 Schwann cell marker (Brockes et al., 1979) and NG2 (Fig. 9) . We also examined Schwann cell regulation of NG2 production in a sciatic nerve lesion model to determine whether findings in CNS injury models parallel changes in peripheral nerve injury models. In the intact sciatic nerve, weak amounts of NG2 immunolabeling were observed (Fig. 9B,E) . Colocalization studies showed very little association of NG2 labeling with either 27C7-labeled (Fig. 9A-C) or S-100-labeled ( 9D-F ) cellular profiles in the intact sciatic nerve; however, 3 d after nerve crush, levels of NG2 immunolabeling increased considerably in the sciatic nerve, and specific colocalization was readily apparent between NG2 and both 27C7 (Fig. 9G-I ) and S-100 (Fig. 9J-L) . Thus, reactive Schwann cells in the PNS produce NG2 after injury. Scant additional amounts of NG2 immunoreactivity appeared to be associated with sources other than Schwann cells after nerve lesion, suggesting that NG2 can be produced by multiple cellular sources after peripheral injury (Fig.  9I ). Paralleling these findings in the injured peripheral nerve, double-labeling experiments in animals with spinal cord injury demonstrated specific colocalization of 27C7 (Fig. 9M-O) and S-100 (Fig. 9P-R) with NG2 labeling in both GFP-expressing and NGF-secreting fibroblast grafts 14 and 28 d after SCI. S-100 is known to label astrocytes (Ghandour et al., 1981) in addition to Schwann cells, but astrocytes do not infiltrate fibroblast grafts appreciably (Grill et al., 1997) . Colocalization studies with GFPexpressing fibroblasts and NG2 showed no overlap (Fig. 7D-F ) , excluding fibroblasts as the cellular source of NG2 in the graft. Thus, Schwann cells migrating into sites of CNS injury-grafting produce NG2.
Endothelial cells are an additional cellular source of NG2
NG2 labeling also outlined larger, tubular structures throughout fibroblast grafts that resembled vasculature (Fig. 9S) . Immunolabeling with the endothelial cell marker RECA1 confirmed that neo-vascularization occurred within grafts (Fig. 9T ) and that NG2 labeling also colocalized specifically with RECA1 (Fig. 9U ) . Thus, endothelial cells are an additional source of NG2 within grafts in the lesion cavity. NG2-RECA1-specific immunolabeling was also observed in the injured sciatic nerve (data not shown).
The cell adhesion molecules L1 and laminin are also coexpressed with NG2
To examine Schwann cell production of molecules other than CSPG components that might influence axon growth within sites of SCI, L1 and laminin immunolabeling were performed. After SCI, the cell adhesion molecule L1 was expressed on long thin cellular structures that resembled Schwann cell processes throughout both GFP-expressing and NGF-secreting fibroblast grafts (Fig. 10) . L1 immunoreactivity was present on more cellular processes in NGF-secreting cell grafts than in GFP-expressing fibroblasts 14 and 28 d after dorsal column SCI (Fig. 10 A,B) . High-magnification colocalization studies indicated that L1 and NG2 labeling were highly colocalized on cells within grafts ( Fig.  10C-E) . Double labeling also indicated that L1 was highly colocalized with the Schwann cell marker S-100 within grafts (Fig.  10 F-H ) . L1 is also a known cellular marker for nonmyelinating Schwann cells (Martini and Schachner, 1986) .
Similar to patterns of L1 immunolabeling, laminin expression was observed throughout grafts and was more dense within NGFsecreting grafts than GFP-expressing grafts 14 and 28 d after SCI (Fig. 10 I,J ) . Consistent with patterns of L1 labeling, laminin structures within grafts also strictly colocalized with NG2-labeled structures (Fig. 10 K-M, Q-S) . Strict colocalization of laminin labeling with NG2 was observed on cellular profiles suggestive of both Schwann cells (Fig. 10 K-M ) and blood vessels (Fig. 10Q-S) . Laminin labeling also strictly colocalized with S-100 labeling within grafts in the lesion site (Fig. 10 N-P) . Laminin is a known cellular marker for Schwann cells (Cornbrooks et al., 1983) . Thus, both Schwann cells and endothelial cells within grafts were identified as cellular substrates that coexpress inhibitory CSPGs as well as the permissive cell adhesion molecules L1 and laminin in the injured CNS.
NG2 deposition widely precedes axonal growth
The preceding observations suggest that injured axons extend along NG2-expressing substrates at the lesion interface and Figure 8 . Schwann cells migrate into fibroblast grafts. 27C7 immunolabeling demonstrates increasing penetration of nonmyelinating Schwann cells into both GFP-expressing and NGFsecreting fibroblast grafts over time. A, Three days after injury, sparse 27C7 immunolabeling is present at host-lesion interface (arrows) but not within GFP-expressing grafts. Scale bars: A-J, 220 m. B, Three days after injury in NGF-secreting grafts, 27C7 immunolabeling is also present at the host-lesion interface and in the graft regions adjacent to the interface, but not within the center of grafts. C, Seven days after SCI, modest 27C7 immunolabeling is present throughout GFP-expressing grafts and is greater in NGF-secreting grafts ( D). E, F, Fourteen days after SCI, the density of 27C7 immunolabeling continues to increase in both GFP-expressing and NGFsecreting cell grafts. G, By 28 d, 27C7 immunolabeling within GFP-expressing grafts remains moderate, and the 27C7-labeled processes are loosely intertwined (inset). Scale bar: insets in G, H, 22 m. H, Within NGF-secreting cell grafts, 27C7 levels have further increased 28 d after grafting, densely filling grafts (H, inset). I, 27C7 immunolabeling is not observed in the intact spinal cord. J, Primary antibody omission control (1°AB Omission).
within cell grafts. Alternatively, it is possible that axons penetrate the host-lesion interface before NG2 is deposited at sites of injury and that NG2-expressing Schwann cells subsequently associate with axons and locally secrete NG2. To address these possibilities, early postinjury time points were examined. We reported recently that NG2 expression appears as early as 24 hr after dorsal column lesions , whereas axons begin to penetrate fibroblast grafts placed at sites of injury between 3 and 7 d after injury (our unpublished observations). Thus, sections from animals 7 d after injury were double labeled for NG2-NF and examined using high-resolution confocal microscopy ( Fig.  11) . At this time point, most NF labeling was restricted to the region of the hostlesion interface and extended for only short distances within cell grafts, whereas NG2 labeling was present in most regions of the graft (Fig. 2) . NG2 reaction product occupied a higher proportion of each field than NF labeling. The following three patterns of NG2 and NF labeling were observed. (1) Axons were associated with regions of NG2 deposition; notably, in many such cases, axons extended partially along the NG2 substrate, with remaining substrate present beyond the neurite, suggesting that the axon was in the active process of extending along the NG2 substrate (Fig.  11) . (2) Regions of CSPG deposition were observed that lacked associated axons. This was the most common observation and indicated that CSPG deposition did not require the presence of a preceding, associated axon. (3) Axons were present that were not associated with CSPG labeling. This was the least common observation. Collectively, these findings at early time points after injury suggest that CSPG deposition primarily precedes axon growth and that most extending axons subsequently associate with CSPGexpressing substrates.
Discussion
Findings of this study suggest that growing axons after injury in vivo are associated, paradoxically, with inhibitory CSPG substrates. Schwann cells and endothelial cells are identified as sources of these inhibitory CSPGs within a milieu of regrowing axons. Yet these same cells also produce the permissive cell adhesion molecules L1 and laminin, suggesting that successful axon growth after adult injury is the result of a balance of positive and negative signals located in highly localized sites: if a preponderance of positive signals is present, then growth will proceed even in the presence of inhibitory molecules.
Failure of axonal regeneration in the adult mammalian CNS has been attributed to various inhibitory molecules, including CSPGs (Davies et al., 1997; Lemons et al., 1999; Asher et al., 2000; Moon et al., 2001; Bradbury et al., 2002) . The current study investigated whether spinal cord axons are capable of overcoming an extracellular milieu rich in CSPGs and indeed demonstrates growth of several axonal populations after injury, including CTBlabeled dorsal column sensory, rubrospinal, and nociceptive axons across a lesion-graft site and into a milieu that is rich in CSPGs. We also show extensive CSPG expression in the crushed sciatic nerve, a milieu in which injured axons regenerate (Forman and Berenberg, 1978) . Although the inhibitory effects of CSPGs on axon growth have been demonstrated most clearly in vitro (Dou and Levine, 1994; Friedlander et al., 1994; Milev et al., 1994; McKeon et al., 1995; Yamada et al., 1997; Zuo et al., 1998b; Fidler et al., 1999; Schmalfeldt et al., 2000; Snow et al., 2002; Ughrin et al., 2003) , it is likely that these molecules also inhibit axon growth in vivo. Upregulation of CSPGs and other inhibitory proteoglycans occurs as early as 1 d after SCI and is sustained for extended periods up to 6 months after injury Jones et al., , 2003 Tang et al., 2003) ; however, axonal extension during nervous system development, and most likely, as the present study suggests, after injury in the adult, is a balance of attractive and repulsive forces in the local environment consisting of several ECM molecules, cell adhesion molecules, and growth factors (McKeon et al., 1995; Walsh and Doherty, 1996) .
Although local CSGPs contribute to inhibition of axon growth in the injured adult spinal cord, they are strictly colocalized with the cell adhesion molecules laminin and L1, which support growth. The presence of a growth factor such as NGF additionally tips the balance in favor of growth, significantly increasing axon penetration into grafts.
Nonmyelinating Schwann cells were sources of NG2 in both central and peripheral injury sites in this study. This is consistent with a recent report that AN2, the mouse homolog of rat NG2, colocalizes with p75 and L1 (immature and nonmyelinating Schwann cell markers) but not with MAG (a myelinating Schwann cell marker) in the developing sciatic nerve (Schneider et al., 2001) . The latter study also reported that AN2 protein is downregulated in intact adult sciatic nerve. Martin et al. (2001) also reported that NG2 does not colocalize with p75 in the intact sciatic nerve, a finding consistent with our own observation that Schwann cells in unlesioned sciatic nerves do not express NG2, but they express readily detectable quantities 3 d after nerve crush (Fig. 9 ). colleagues (1998a, 2002) also reported that general CSPG expression was upregulated in injured peripheral nerve. Thus, Schwann cells produce NG2 during development, downregulate expression in adulthood, and re-express NG2 after injury, constituting a significant source of an inhibitory ECM molecule despite their recognized role in supporting and guiding axon growth during development and regeneration.
Although several CSPGs are strongly re-expressed in the host spinal cord after injury, only NG2 and versican are expressed in the fibroblast grafts. We reported previously that NG2 appears to constitute the major CSPG species produced at sites of SCI ; observations of the present study are consistent with these previous findings and demonstrate additionally that quantities of NG2 in animals with cell grafts significantly exceed amounts in subjects with lesions alone (Fig. 2) . The broad expression of NG2 by oligodendrocyte progenitor cells (Nishiyama et al., 1996a,b; , macrophages (Bu et al., 2001; McTigue et al., 2001; Zhang et al., 2001; , and Schwann cells (Figs. 9, 10) (Schneider et al., 2001 ) after SCI most likely accounts for strong NG2 immunolabeling in both the host (macrophages, oligodendrocyte progenitor cells) and the graft tissue (Schwann cells). The greater amount of NG2 immunolabeling in NGFsecreting grafts compared with GFP-expressing grafts is likely because of the higher density of Schwann cells in the former graft type. Versican deposition, however, may be the result of an oli- godendrocyte cell response to injury in the host tissue and to fibroblasts (Zimmermann and Ruoslahti, 1989) within grafts. Expression of the CSPGs brevican, neurocan, and phosphacan is restricted to reactive astrocytes (Haas et (Grill et al., 1997) , likely accounting for the lack of expression of these CSPG molecules within grafts.
A potential caveat to the concept that a balance of attractive and repulsive factors influenced axonal growth in this experiment was the use of fibroblasts to constitute a cellular matrix in the injury site. Fibroblasts might secrete factors that alter neurite recognition of inhibitory components of the NG2 glycoprotein; however, this possibility is rendered improbable for two reasons. First, we observed a similar pattern of axon association with NG2-expressing surfaces when various substrates lacking fibroblasts are placed in the lesion site, including purified Schwann cells, stem cells, or type I collagen alone without cells (L. L. Jones, P. Lu, N. Weidner, and M. H. Tuszynski, unpublished observations) ; the common element in all cases is that Schwann cells migrate into the region (if not already grafted), secrete NG2, and associate with extending axons. Second, axons also associate with NG2 that is located in host tissue adjacent to the lesion boundary, where fibroblasts are not present. Thus, it is unlikely that responses of injured axons to NG2 were altered by a factor secreted by fibroblasts.
Many research reports that address the topic of axon growth after CNS injury conclude with the statement that the most effective approach to augmenting regeneration will likely require a combinatorial approach of providing the following: (1) axon growth substrates, (2) growth-promoting molecules such as growth factors, and (3) neutralization of inhibitory influences. The present findings lend substantial mechanistic support to this concept; however, these findings also raise a more subtle interpretation of combinatorial approaches to regeneration, suggesting that the provision of a growth-promoting stimulus of sufficient magnitude may counterbalance inhibition to a degree that will allow successful axon growth even in the absence of targeted reduction of inhibitors. Clearly, the issues raised by the preceding statement are complex. For example, inhibitory ECM molecules, which are produced adjacent to lesion sites, are most likely to influence axon sprouting and growth immediately in the region of injury. In contrast, inhibitory molecules associated with long, white matter tracts, including Nogo (Fouad et al., 2001 ) and MAG (McKerracher et al., 1994; Filbin, 1995) , are more likely to restrict long-distance axon growth beyond the injury site through white matter tracts. Thus, local growth factor delivery at lesion sites may be sufficient to counterbalance inhibitory influences of the ECM but may not be sufficient to overcome inhibition of white matter remote from the injury site. In such a case, propelling axon growth for significant distances might require neutralizers of inhibition or extended gradients of growth factors; however, inhibition in intact white matter of the mature nervous system, as in the developing nervous system, may be necessary to maintain the topography of highly specific nervous system projections (for review, see Grumet et al., 1996; Margolis and Margolis, 1997; Rauch, 1997; Buffo et al., 2000) . If so, then neutralization of inhibition in an attempt to enhance repair of injured systems could induce aberrant and dysfunctional sprouting of noninjured systems that are also exposed to neutralizers. For example, Buffo et al. (2000) reported that neutralization of the myelin-associated inhibitor Nogo in the intact cerebellum induced aberrant sprouting of local circuitry. Interestingly, evidence also exists that neurites that are actively growing in the CNS may be less sensitive to white matter inhibition, extending for long distances through white matter in which myelinassociated inhibitors have not been experimentally neutralized (Davies et al., 1997) . Thus, additional study of these complex possibilities in animal models is required to more precisely Figure 11 . NG2 deposition precedes axonal growth. Double immunolabeling for NG2 and neurofilament 7 d after injury in a GFP-expressing cell graft. A, NG2 is expressed throughout the extracellular matrix in the graft tissue adjoining the host-graft interface (dashed line; graft is to the right). NF-labeled axons penetrate the host-graft interface ( B) and extend along NG2 substrates (C, arrow). Considerable regions of CSPG deposition lack associated axons, indicating that CSPG deposition does not require the presence of an associated axon (arrowheads). Scale bar, 24 m.
define parameters that will optimize axonal regeneration in the adult CNS.
Conclusions
Axons crossing a region of CNS injury and growing into a cellular bridge specifically associate with surfaces expressing inhibitory ECM molecules. A balance of inhibition and stimulation are likely to account for these findings, suggesting that highly localized responses to a variety of growth cues ultimately determine the success or failure of axonal regeneration.
